Methylation of lysine residues on histone H3 tails regulates transcription. A recent addition to the list of known methylated histone binding modules is the plant homeodomain (PHD) finger, which is usually found in nuclear proteins with chromatin-related functions. Autoimmune regulator (AIRE) protein contains two PHD fingers and mutations in AIRE gene cause the monogenic disease autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED). AIRE is expressed in thymic medullary epithelial cells where it promotes the expression of tissue-specific antigens. However the mechanism by which AIRE controls gene expression is currently unknown and the function of its domains, in particular of its PHD fingers is still elusive and controversial. In this review we discuss recent works on AIRE PHD finger(s) providing a new link between the status of histone modifications and the regulation of tissue-specific antigen expression in thymus.
The core histones of nucleosomes are subject to several forms of modifications at their N-terminal ends. These include acetylation of lysines, methylation of lysines and arginines, ubiquitination of lysines and other modifications. 1 The N-terminal amino acids of histones can be modified to variable extent, for example the lysines can be methylated as mono-, di-or trimethylated forms. Usually these modifications are reversible and can be dynamically changed by specific enzymes. Because of the many modifications, it has been proposed that the combination of histone modifications forms a histone code that determines many aspects of chromatin accessibility and transcriptional regulation. For example, methylation of histone H3 lysine 4 (H3K4) or lysine 36 (H3K36) is usually associated with transcriptional activation whereas methylation of histone H3 lysine 9 (H3K9) or lysine 27 (H3K27) generally causes gene silencing. How the histone code is translated to specific chromatin-associated activity is currently under active investigation. 2 In principle, histone modifications may change the chromatin accessibility by neutralizing the charge of histones (acetylation) or they may serve as binding sites for chromatin associated proteins. These proteins will be recruited to the chromatin via their specific domains.
Several recent studies have implicated plant homeodomain (PHD) finger as one of the chromatin binding domains. The PHD finger is a domain of ~60 amino acids found in over 400 eukaryotic proteins, many of which act as nucleosome interaction determinants playing a fundamental role in histone recognition and epigenetic mechanisms. 3 The physiological relevance of PHD modules is highlighted by the occurrence of pathological PHD finger mutants in genes such as ATRX, NSD1, RAG2, ING, triggering different human diseases including neurological and developmental diseases, cancer and immunological disorders. 4 Mutations in Autoimmune Regulator (AIRE) cause the monogenic autoimmune disease autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED). 5,6 AIRE has two PHD fingers and several other domains characteristic to transcriptional regulators such as N-terminal CARD domain, SAND domain and nuclear hormone binding LXXLL motifs. Currently, approximately 60 mutations in AIRE gene have been characterized. The clinical spectrum of APECED is variable and includes many autoimmune endocrine disorders such as autoimmune adrenocortical and gonadal failure, type 1 diabetes, autoimmune thyroid disease, autoimmune hepatitis and others. As a hallmark of autoimmunity, APECED patients and AIRE-deficient mice develop lymphocytic infiltrations in multiple tissues and autoantibodies to self-antigens. 7 These antigens are often intracellular enzymes belonging to distinct protein families expressed in tissue-specific manner.
The highest expression of AIRE gene is seen in thymic medullary epithelial cells, which are important for selection of autoreactive T cells. 8 Medullary thymic epithelial cells are able to express many self-antigens that are otherwise only expressed in specific tissues. 9 This self-antigen expression, albeit at low level, is a basis for a so-called negative selection of T cells that recognize self-antigens. To avoid autoimmunity, the T cells that react to self-antigens are deleted by induction of apoptosis. Several studies have demonstrated that AIRE acts as a transcriptional regulator and is a crucial factor in the regulation of tissue-specific gene expression in thymic medullary epithelium. 10, 11 Two AIRE PHD fingers are targets of several point mutations or truncations in several APECED patients, supporting the crucial role of this domain both in healthy and in pathological conditions. 5 it appears that the methylation state of H3 may act as an on/off switch for AIRE-PHD1 binding. Notably the opposite mechanism has been observed for an other subclass of PHD finger containing proteins including ING2, 26 BPTF, 19 RAG2, 27,41 Taf3 28 and Pygopus, 29 whose PHD fingers specifically bind to trimethylated K4, strongly discriminating against the unmethylated histone H3 forms. NMR experiments, mutational analysis and molecular dynamics calculations provided a detailed three-dimensional model of AIRE-PHD1 in complex with a unmethylated peptide comprising the first ten residues of histone H3 N-terminal tail (H3K4me0). Similarly to what observed for other PHD fingers in complex with methylated or unmethylated histone tails, H3K4me0 snugly fits in the PHD binding pocket forming an additional β-strand onto the existing antiparallel β-sheet of the domain. Formation of the complex does not induce significant conformational changes in the protein, which constitutes a stable preformed binding platform ( Fig. 1A ). On the other hand complex formation imposes via an induced fit mechanism a β-strand conformation on the histone tail, which is otherwise unstructured in the absence of the PHD finger. This entropy penalty is largely compensated by the favorable enthalpic contribution (-9.2 Kcal/mol) 30 generated by the interaction between the positively charged H3 tail and an extensive negatively charged binding surface (~700 A 2 ). Charge complementarity and negative enthalpic contributions appear to be a major driving force in both unmethylated or methylated H3 recognition mechanism, [19] [20] [21] [22] [23] [24] [25] [26] as demonstrated by the involvement of large negatively charged surface in other PHD-H3 complexes.
Remarkably, a homology model of the second PHD finger of AIRE (AIRE-PHD2) displays a positive electrostatic surface ( Fig. 1B) suggesting repulsive interaction with the positively charged histone tails. Indeed, GST pull-down assays and NMR based titrations confirmed that AIRE-PHD2 is not suited for H3 tail interactions 30 and belongs to a different subclass of PHD fingers with yet unidentified function. The two tandem PHD domains in AIRE might constitute a double effector module, which could simultaneously AIRE PHD fingers strongly contribute to AIRE nuclear function as they are implicated in transcriptional activation and nuclear dot formations. 12, 13 Phylogenetic analysis suggests different functions for the two PHD fingers, 14 however their respective role is still controversial and needs further investigations. AIRE PHD fingers seem also to play a role in correct cellular targeting as pathological PHD mutants lead to AIRE altered subcellular distribution. 13 To gain more insight into the structurefunction relationship of AIRE PHD finger(s) and their role in the pathogenesis of APECED, the solution structure of the first PHD finger of AIRE (AIRE-PHD1) was recently solved and the structural impact of pathological mutations was also characterized. 15 AIRE-PHD1 presents the typical ββα-topology stabilized by conserved hydrophobic interactions centered around a well conserved tryptophan. The domain coordinates two zinc ions via the C4HC3 signature in a cross-brace coordination scheme similar to that of RING fingers domains. Based on sequence and structural similarity to RING fingers, PHD fingers have been proposed to function as E3 ligase in the ubiquitin-mediated proteosomal degradation pathway, 16 although this hypothesis is hotly debated in the literature. 15 Uchida et al. 16 demonstrated the ability of AIRE-PHD1 to ubiquitylate substrates in a rabbit reticulocyte lysate system, however subsequent biochemical and biophysical experiments could not find any evidence for AIRE-PHD1 E3 ligase activity in autoubiquitilation assay, nor detect any direct interaction between AIRE-PHD1 and its putative cognate E2. 15 AIRE-PHD fingers were also proposed to bind sequence specifically DNA in electrophoretic mobility shift assays, 17, 18 but NMR based titrations using PHD fingers and oligonucleotides containing putative PHD binding sequences (ATTGGTTA) did not confirm direct binding (Musco G., unpublished results).
The different functions that have been ascribed to the PHD finger module clearly show that this fold constitutes a robust structural scaffold which allows diversified activities. Because of the functional plasticity of the PHD fold, until very recently the real function of AIRE PHD finger(s) appeared extremely elusive and controversial. New perspectives in the field have been opened by recent studies which have clearly shown that two distinct subclasses of PHD fingers can differentially recognize either methylated (H3K4me3, H3K9me3) [19] [20] [21] [22] [23] or unmethylated (H3K4me0) lysine residues on histone H3, 24, 25 raising the possibility that chromatin might be a common nuclear ligand of PHD fingers. Indeed, biochemical and biophysical data demonstrated that AIRE binds directly to histone H3 through its first PHD finger, thus activating gene expression. AIRE-PHD1 is a specialized histone tail reader module which is able to sense the methylation status of histone H3: it binds most tightly to H3K4me0 (Kd ~ 5 μM) and with almost one order of magnitude less tightly to H3K4me1, with the binding affinities decreasing by two and three orders of magnitude for the di-and tri-methylated forms of H3K4, respectively. Since there is a 1,000-fold difference in binding affinity between un-and trimethylated forms of H3, Epigenetic link between AIRE and tissue-specific antigen expression a unique capacity to activate genes that have the H3K4me0 mark in their promoters. These genes are usually silent or expressed only at low levels. Indeed, when we analyzed the transcriptional activity of AIRE in tissue culture cells, we observed that AIRE preferentially activates genes which are expressed at low level and lack H3K4me3 modifications in their promoter regions. 30 AIRE functions in thymus medullary epithelial cells that are needed to establish central tolerance by expressing a diverse set of tissue-specific genes. 8 It can be speculated that the majority of tissue-specific genes in medullary thymic epithelial cells lacks H3K4me3 mark and is expressed at low levels. Thus the low expression and lack of H3K4me3 mark might be characteristic features for the AIRE dependent self-antigen gene activation outside of tissues where they are normally expressed, such as thymic epithelial cells. In this way, the expression of tissue-specific genes is not activated before the start of AIRE expression during the differentiation of medullary thymic epithelial cells (Fig. 3) . AIRE is a potent transcriptional activator and functions on chromatin as a multimer of a large protein complex. 13 This suggests that other proteins of the complex participate in activation of tissue-specific genes with low methylation mark of H3K4. AIRE-mediated transactivation is strongly enhanced by AIRE-interacting CREB-binding protein (CBP). 12, 33 CBP functions as a common transcriptional coactivator for a variety of transcription factors, including nuclear receptors, Jun, Fos, nuclear factor kB and STAT protein family members. 34 Therefore, it is conceivable that CBP forms the link between AIRE binding to H3K4me0 and the basal transcriptional machinery. For example, CBP also has an intrinsic histone acetyltransferase activity and is a coactivator that modulates the transcription by changing chromatin accessibility to transcriptional complexes. In light of AIRE interaction with CBP as a histone acetyltransferase, it remains to be studied whether the AIRE binding and activation of promoters with H3K4me0 modifications has an impact on the epigenetic marks on target gene promoters, for example by changing the levels of histone H3 and H4 acetylation or H3K4 methylation. recognize H3K4me0 and possibly other histones, histone modifications or chromatin components thus interpreting the "multivalency" of chromatin patterns. 2, 4 At variance to what observed for the BPTF and ING subclass AIRE-PHD1 does not present the typical conserved aromatic side chains used to coordinate the tri-or di-methyl ammonium ion of H3K4me3 via Π-cation interactions. [19] [20] [21] [22] [23] 26 The key elements of the methylated lysine-binding aromatic cage are substituted by negatively charged residues in AIRE-PHD1 which can favourably interact with unmethylated H3K4me0, providing an alternative to the recognition of H3 via aromatic caging (Fig. 2) . Also, BHC80 PHD domain and Cys-rich domain of DNMT3L specifically interact with unmodified H3K4me0 through an electrostatic bridge between the unmodified epsilon aminogroup of H4K4me0 and an acidic residue (Asp489 and Asp90 in BHC80 and DNMT3L, respectively). 24, 25 Binding experiments and computational studies have clearly shown that methylation of the K4 sterically excludes this interaction with the consequent breakage of the additional β-strand. 30 Notably, this acidic hallmark is conserved in other PHD finger-containing transcription factors including Sp110, Sp140 and NSD1 which might constitute together with AIRE-PHD1, BHC80 and DNMTL3, a subset of unmethylated histone H3 readers. Interestingly, the PHD fingers of SP110 and NSD1 are hotspots for mutations causing the familial hepatic veno-occlusive disease with immunodeficiency (VODI) 31 and the overgrowth Weaver syndrome 32 respectively, thus strengthening the hypothesis that misinterpretation of the epigenetic marks strongly correlates with pathological conditions. 4 How the interaction of AIRE-PHD1 with H3K4me0 would explain AIRE-mediated expression of tissue-specific antigens in thymus? Microarray experiments with AIRE-deficient medullary thymic epithelial cells have showed the decreased expression of several hundreds of tissue-specific genes. 10, 11 This result indicates that AIRE activity is more complex than to function as a simple DNA motifbinding transcription factor. As one explanation, AIRE might have Epigenetic link between AIRE and tissue-specific antigen expression www.landesbioscience.com Epigenetics Alternatively, AIRE may act in elongational processes as it has been recently shown to interact with positive transcription elongation factor b (P-TEFb) complex proteins CycT1 and Cdk9. 35 The P-TEFb is a cyclin-dependent kinase that is required to control the transition of RNA polymerase II (RNAPII) from the initiation into productive elongation phase. After transcription initiation, RNAPII activity is inhibited by negative transcription elongation factors and the elongation complex stops near the promoter. The activity of RNAPII is restored by P-TEFb that overcomes the influences of the negative factors and RNAPII enters productive elongation. 36 P-TEFb is recruited to gene promoters by a number of cellular transcription factors such as NFkB, CIITA and Brd4. Similarly to these transcriptional factors, AIRE recruits P-TEFb to the target gene promoters resulting in enhanced transcriptional elongation. 35 It should be noted that P-TEFb functions are not limited to elongation of transcription as the complex has been shown to integrate mRNA synthesis with histone modifications. 37 For example, recruitment of P-TEFb requires deubiquitination of histone H2B and phosphorylation of H3S10, 37 and the recruitment of P-TEFb complex by HIV-1 Tat protein strongly induce RNAPII phosphorylation at serine 2, histone acetylation, and methylation of H3K4 on HIV-1 gene promoters. 38 Whether the recruitment of P-TEFb to AIRE is associated with AIRE binding to H3K4me0 remains to be studied but considering the large number and diversity of AIREregulated genes, the enhancement of elongation and following induction of post-transcriptional events can be seen as one mechanism of AIRE action.
Since the first reports on BPTF and ING2 as founding members of methyllysine PHD finger subclass, several structures describing the details of PHD finger interaction with histone H3K4me3 have been published. [27] [28] [29] 39 Conversely, until now very few structural and biochemical data have been reported on H3K4me0 recognition. 24, 25 The detailed structural characterization of AIRE-PHD1 in complex with H3K4me0, complemented by other structural and functional investigations on PHD fingers belonging to this subclass will shed significant light in dynamic chromatin regulation and in transcriptional regulation. Figure 3 . Schematic view of proposed AIRE function in regulation of tissue-specific gene expression in thymic medullary epithelial cells. The majority of active genes are activated by proteins that have PHD domain that reads H3K4me3 modification (left). AIRE is able to activate genes, which have H3K4me0 modifications and are normally silent or are expressed at low levels (right). Tissue-specific genes have high expression level and trimethylation of H3K4 mark in the corresponding tissues. Outside of their corresponding tissues, these genes have low methylation level of H3K4 and are silenced. In thymic medullary epithelial cells (+AIRE), AIRE is sufficient to increase the expression of multiple tissue-specific genes through the interaction with CBP and/or elongational factors. In AIRE deficient thymus (-AIRE), such as in APECED patients, tissue-specific genes are not expressed and are not presented as self-antigens to developing T cells. 
